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Background: The effect of storage duration and technique on the moisture content of radiata pine (Pinus radiata
D. Don) biomass logs in New Zealand was studied.
Methods: Two trials were established in the South Island to represent favourable and unfavourable storage
conditions, namely: summer storage in a warm and dry location and winter storage in a cold and relatively wet
location. In total twenty stacks were installed, each consisting of approximately 600 kg of radiata pine logs (wet
initial weight), with treatments intended to compare small diameter logs, large diameter logs, large diameter logs
split, as well as the effect of cover. Moisture content was gravimetrically determined at the beginning and the end
of the trials. All stacks were weighed at 1 to 4 week intervals to follow the weight loss trend over time.
Results: After 24 weeks in summer storage, the moisture content (wet basis) of radiata pine logs decreased from
an initial value of 53% to between 33 and 21%. The decrease was greatest for uncovered small logs and decreased
was smallest for covered large logs. Due to wet and cold weather conditions, logs stored in winter- dried very little
over a 17-week period. Moisture content decreased from an initial value of 58% to between 51 and 49%, with no
significant treatment differences observed in the winter trial.
Conclusions: The best summer storage technique was the simplest and consisted of stacking small logs without any
cover. The larger logs dried the slowest, but splitting accelerated drying significantly. Covering did not help and results
indicated that, while covering is useful for preventing rewetting of dry logs, it does not improve drying of wet logs.
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National energy policies increasingly support the use of
forest biomass for energy supply due to its contribution
to climate change mitigation, community welfare and
local development (Stupak et al. 2007). That is especially
true for the European Union but also for many other
countries, including New Zealand (Pennial 2008; Hall and
Jack 2009). Hence, the growing demand for wood fuels
must be matched by an expanding supply in order to
guarantee price stability (Hillring 1997). This is crucial to
the development of a viable biomass energy sector, where
fuel represents a major cost item (Junginger et al. 2006).
For the same reason, use efficiency must be maximised, by
best allocation and quality upgrading.* Correspondence: rien.visser@canterbury.ac.nz
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in any medium, provided the original work is pDifferent sources will generate fuel types with different
quality characteristics, affecting the choice and the per-
formance of the conversion technology (Chau et al. 2009).
The most important physical characteristic of wood fuels is
moisture content, which determines heating value, storage
properties and transport costs (Petterson and Nordfjell 2007;
Hall 2000, EECA 2010) and is generally integrated in the fuel
pricing structure (Spinelli et al. 2010). Moisture content (on
a wet mass basis) of green biomass often exceeds 50%,
which is too high for small-scale energy conversion facil-
ities (Strelher 2000). High moisture content generally
causes operational problems in the boilers, with process
instability and higher emissions (Svoboda et al. 2009). It
also lowers the gasification temperature, increasing the
production of tars and decreasing both gas quality and
conversion efficiency (Brammer and Bridgwater 1999).
Drying of raw biomass prior to combustion or gasifica-
tion can increase power production efficiency between 3Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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moisture content of the biomass (McIlveen-Wright et al.,
2001; Spets & Ahtila, 2002). That may justify heating raw
wood fuels in order to obtain rapid active drying
(Johansson et al. 1997). Active drying is also the most ef-
fective way to bring moisture content below fibre satur-
ation point, which typically occurs at a moisture content
around 20-25% (Walker 2006). However, conventional ac-
tive drying may incur significant energy and financial cost
(Ragavhan et al. 2005), and may lead to the release of
harmful volatile compounds (Rupar and Sanati 2003).
Hence the recurring interest for more effective techniques,
such as multi-stage drying (Holmberg and Ahtila 2004),
solar convection (Reuss et al. 1997) and mechanical drying
(Yoshida et al. 2010). All try to make a less intense use of
external inputs, to save on energy and cost.
The least intense use of external inputs comes with nat-
ural drying, which relies exclusively on the moisture gradi-
ent between wood and ambient air. This is the traditional
drying system applied to firewood, and it is very effective
if handling and storage conditions are properly managed.
After trees are felled, the rate of natural drying depends
on many factors, including ambient temperature, relative
humidity, wind speed, precipitation, tree species and tree
size (Petterson and Nordfjell 2007). Drying rate can be
predicted with appropriate models, which can return rea-
sonably accurate estimates (Hart 1982). However, these
models often apply to sawn lumber rather than logs
(Simpson and Hart 2001) and generally require a good
knowledge of the diffusion coefficient of the species con-
cerned, which restricts their general application (Simpson
and Wang 2003).
Despite the specific character and the significant bio-
mass potential of radiata pine (Pinus radiata D. Don)
logging residues (Hall and Jack 2009), few of these stud-
ies have concerned radiata pine. Hall (2000) described
the rate of drying as well as the effect of storage on piled
and comminuted logging residues. Exposed stem residue
and branches dried quickly, but comminuted material
dried little over the seven-month test period. A study by
the New Zealand Clean Energy Centre (2009) used bins
to collect logging residues and dried them through three
seasons. The residues were placed in a pile on bearers to
encourage airflow, and treatments included unprocessed
and processed, indoor and outdoor, as well as uncovered
and covered. An important result was that summer dry-
ing could reduce moisture to 25% (wet basis) and that
the subsequent delivered cost of the dried residue at
$3/GJ, which includes the cost of drying, is lower than
the delivered cost of raw material at $3.20/GJ.
Integration of residue recovery into an actual logging
operation can reduce residue cost as well as provide for
a less contaminated product (Baker et al. 2010). How-
ever, by increasing the complexity and landing spacerequirements for a harvesting crew, the overall cost of
harvesting will be greater. One concept to overcome this
issue, as well as to benefit from infield drying prior to
transportation of the residue, is to stack residues either
at the side of the operational landing, or transport it to a
nearby recently completed landing (Visser et al. 2009).
This effort would only be justified if significant drying
took place to offset the handling cost. Opportunities to
split large wood, or cover the log stacks, to facilitate dry-
ing would also need to be justified through improved
drying potential.
While it would be best to define a general law for pre-
dicting the effect of storage conditions on natural drying,
it seems more practical to address each local situation
with specific studies, which is the policy followed by
most researchers (Suadicani and Heding 1992). There-
fore, the goals of this study were to determine the nat-
ural drying rate of radiata pine logs, as a function of
storage conditions and technique. In particular, the study
explored the effect of: 1) storage duration, 2) storage
season, 3) log size, 4) log splitting and 5) cover.
Methods
The experiment consisted of two trials, one conducted
in summer and the other in winter to help understand
the drying effects at ‘favourable’ and ‘unfavourable’ sites.
The ‘favourable’ summer trial was established in Mosgiel
(Otago) at a quarry, and is typically dry with a warm
wind. The ‘unfavourable’ winter trial was located on a
farm near Okuku (Canterbury), where winter is charac-
terised by low temperature and relatively high humidity.
Both sites were located on flat open ground, exposed to
sun and wind, as generally appropriate when building
wood stores.
On each site, logs were stacked on purpose-built pal-
lets, each representing an experimental unit. Pallets were
chosen for the study as they can be weighed at intervals
to ascertain moisture loss and avoid the need for de-
structive sampling of the logs. In commercial operations
logs would never be dried on pallets, although they
would normally be stacked in a manner that maximized
airflow. It would be reasonable to surmise that the logs
on these relatively small pallets would be exposed to
more airflow and solar energy, but also more rainfall, on
a per unit volume basis. They could also be expected to
dry more uniformly as compared to a large stack. A limi-
tation of this study is that results cannot be transferred
directly to a commercial scale log drying operation.
Pallets were produced by a local manufacturer and fit-
ted with wooden uprights to safely retain the logs. All
pallets were placed on cinder blocks to prevent contact
with the ground and to allow easy lifting and weighing.
Each pallet contained about 600 kg of logs (fresh initial
weight), cut to an average length of 1.8 m. Logs were
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vesting, processing and recovery. They were separated
into two size classes based on their diameter - “small”
(<35 cm) and “large” (≥ 35 cm). Half of the large logs
were split prior to bucking, using an excavator with a
ripping tine. Logs were stacked on the pallets to a height
of approximately 1.6 m. Plastic tarpaulin was used for
the “covered” pallets, whereby it covered the top and ap-
proximately halfway down the sides of the stack, but did
not cover the log ends.
Twenty stacks were established, 12 in summer at the
Mosgiel site and 8 in winter at the Okuku site (Table 1).
Overall, the trial consisted of 13 fresh tonnes (initial
weight) of radiata pine logs. The factorial design of stack
replicates was incomplete, due to funding constraints.
However, multiple samples were collected from each stack
at the end of the tests, and these were used as replicates
for the estimate of final moisture content, allowing a con-
clusive evaluation of factor effects. The summer trial was
established in November 2009 and dismantled in May
2010, thus lasting 24 weeks. The winter trial was estab-
lished in May 2010 and dismantled in September of the
same year, thus lasting 17 weeks.
Moisture content wet-basis (MCwb) was determined at
the beginning and at the end of each trial with the gravi-
metric method (CEN/TS 14774–2, 2009), on random
samples obtained by cutting segments (‘biscuits’) from the
logs (destructive sampling). Overall, 30 samples were col-
lected at the beginning of the trials prior to loading the
logs onto the pallets. Since the logs came all from the
same initial source stock, variability was assumed to be
limited. However, diameter was recorded for each ‘biscuit’
to check for correlation with moisture content. In con-
trast, 120 samples were collected at the end of the trials (6
per stack) in order to account for the potentially higher
variability resulting from treatment differences. The six
samples per stack were collected at two height locations
(medium and high) and three different distances from theTable 1 Summary of the experimental design
Season Size Cover Split Replicates
Summer Small No - 3
Small Yes - 3
Large Yes Yes 3
Large Yes No 3
Winter Small No - 2
Small Yes - 2
Large No No 1
Large Yes No 1
Large No Yes 1
Large Yes Yes 1
Note: Splitting does not apply to small logs.end of the log (30 cm, 60 cm and 90 cm). This provided
for a more appropriate average.
The variation of moisture content during the duration
of the trials was determined by weighing each stack at 1
to 4 week intervals (non-destructive sampling). Stacks
were weighed by temporarily placing portable stock
scales under the pallets. Each pallet was lifted on one
side with a trolley jack in order to place the scale under
it. Then the pallet was lowered on the scale plate to ob-
tain a reading. Weight data were used to calculate mois-
ture content, on the assumption that any decrease in
pallet weight was directly related to moisture content
loss. Weight data were re-calibrated once each trial was
complete using the gravimetric moisture content values
obtained following destructive sampling at the end of
the trials.
Climate data were obtained from the meteorological sta-
tions of the National Institute for Water and Atmospheric
Research (NIWA 2010). These were located 1.2 km from
the summer trial site (Mosgiel) and 12.5 km from the win-
ter trial site (Okuku). Climatic conditions were averaged
over the number of days between each weighing in order
to obtain a representation of the climatic conditions be-
tween two subsequent weight points. Recorded climate
data included: air temperature, wind speed, air humidity,
rainfall and evaporation.
Analyses of variance (ANOVA) was carried out on
sample moisture content data between treatments at the
end of the experiment. Indicator variables were designed
to represent different treatments (Olsen et al. 1998). Re-
gression analysis was used using the time-series moisture
content data obtained from weighing to test the relation-
ship between moisture content and storage time (SAS
1999). Higher order time, as well as interaction-factors, was
considered in the regression to account for the non-linear
drying rate, relative to the treatments.
Results
Moisture content wet basis (MCwb) of the pre-trial sam-
ples collected from the logs and ranged from 45 to 60%
for the summer trial, and 53 to 67% for the winter trial.
The average air temperature, average wind speed, aver-
age humidity, average rainfall and average daily evapor-
ation are presented in Table 2.
The average MCwb of the logs in the summer trial
(Mosgiel) was 53.2% (standard deviation 4.8), and 57.7%
(standard deviation 3.4) for the winter trial (Okuku).
There was no relationship between MCwb and log diam-
eter (R2 = 0.11, p = 0.79 and R2 = 0.09, p = 0.87 respect-
ively), so all Mosgiel log stacks were considered to have
an initial MCwb of 53.2% and the Okuku trial 57.7%.
During the Mosgiel trial, the weather was warm and dry
with a few minor rain events. The total rainfall over the
24 weeks of storage was 234 mm. In Okuku, the weather
Table 2 Initial range of log moisture content and weather





Log moisture content range
(% wet basis)
45 - 60 53 - 67
Average air temperature (°C) 13 7
Average relative humidity (%) 76 85
Average rainfall (mm/week) 9.75 20.0
Average total daily evaportation
(mm/day)
3.2 1.4
Average daily windspeed (m/s) 3.7 2.8
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storage was 340 mm with 115 mm of this falling in the
first week alone.
The greatest decrease in MCwb (20-32% depending on
treatment) occurred under summer storage (Table 3).
The decrease was greatest for uncovered small logs, and
smallest for covered large logs. Covered small logs and
covered represented an intermediate class with no
significant internal differences in terms of final MCwb.
Large logs lost less water than small logs, but splitting
restored the balance, as no difference was found in the
MCwb of small logs and large split logs. As expected,
MCwb after winter storage did not decrease as much as
during summer storage, due to the less favourable wea-
ther conditions. After 17 weeks, the average decrease of
MCwb was 7 percent.
At the end of the summer storage period, log ends were
drier than the rest (Table 4). The same effect was not ob-
served during the winter trial (Table 4). At the end of the tri-
als, the MCwb estimates obtained with the gravimetric
method were compared with those (MCdiff) obtained by
weighing the stacks and relating weight loss to the initialTable 3 Comparison of moisture content wet-basis obtained t
and stack weighing (Predicted, MCdiff)
Season Size Treatment Actual MCwb
1,2
Summer Small Uncovered 21.3 a
Small Covered 24.8 b
Large Covered 33.5 c
Large Covered & Split 27.0 b
Winter Small Uncovered 44.9 d
Small Covered 45.8 d
Large Covered 45.8 d
Large Covered & Split 44.9 d
Large Uncovered 50.3 d
Large Uncovered & Split 50.9 d
1At 24 weeks for the summer trial and 17 weeks for the winter trial.
2Average initial moisture content was 53.2% for the summer trial and 57.7% for the
Note: different letters on the average values in the same column indicate differenceMCwb. The results are also shown in Table 3, where gravi-
metric estimates (MCwb) were assumed as the actual refer-
ence values, whereas stack-weight estimates (MCdiff) were
considered as the predicted figures needing validation.
Differences between the two analytical methods were
observed, ranging between −1 and +7%, with a mean abso-
lute error of 3.7%.
Given that decrease in stack weight was a good proxy
for moisture content, it was possible to track the rate of
drying over time. For the summer trial, drying was most
rapid during the first 10 weeks, when MCdiff decreased
by 15 to 30%, depending on treatment. Drying continued
until the end of the experiment (24 weeks), but at
diminishing rates (Figure 1). There was also a clear dif-
ferentiation between treatments, with large logs and cov-
ered small logs drying less and less rapidly than
uncovered small logs and large split logs. For the sum-
mer trial (n = 144), the following regression model was
developed to predict MCdiff as a function of drying time:
MCdiff ¼ 55:1−3:57Weekþ 0:80 Week2
þ 0:358 Week  SMLCOV þ 0:919 Week
 LRGCOV
R2 ¼ 0:944; p < 0:0001 
Where:
Week = number of weeks in storage;
SMLCOV = 0, or 1 if the small logs (< 35 cm diameter)
are covered;
LRGCOV = 0, or 1 if the stack is made of large logs
(≥ 35 cm diameter) and covered
All parameters in this regression model were signifi-
cant at p < 0.05 and it was able to explain most of the
variation in the data set. As a second order quadratic
function, with interactions, was chosen for the summerhrough destructive gravimetric sampling (Actual, MCwb)
SD Predicted MCdiff
1,2 SD Difference
1.5 18.0 2.9 3.3
2.2 23.0 1.2 1.8
3.4 32.0 1.5 1.5
3.7 20.0 0.5 7.0
7.3 47.5 1.5 −2.6
7.5 51.9 10.5 −6.1
5.0 51.9 - −6.1
8.8 45.9 - −1.0
7.4 55.8 - −5.5
8.5 48.4 - 2.5
winter trial (all treatments).
s with statistical significance at the 5% level.
Table 4 Wood moisture content at the end of the trials at





30 24.1 5.0 A 48.0 6.3 C
60 27.8 6.7 B 44.2 8.6 C
90 28.0 7.5 B 47.8 7.1 C
1At 24 weeks for the summer trial and 17 weeks for the winter trial.
2Initial moisture content was 53.2% for the summer trial and 57.7% for the
winter trial (all treatments).
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this regression should not be extrapolated beyond the
24 week duration of the study.
In contrast, in the winter trial no treatment was sig-
nificantly different based on actual MCwb (Table 3). The
average MCwb for all treatments at week 17 was 47.1%, a
decline of 10.6% from the initial moisture content of
57.7%. Figure 2 shows MCdiff, as predicted by change in
loaded stack weight over the 17 week storage period.
Cool weather, high humidity and regular rainfall events
resulted in no drying taking place in the first five weeks.
A large rainfall event in week seven increased the MCdiff
of the uncovered large log treatments. Overall MCdiff
decreased at a rate of 0.4% per week (n = 102, F = 48.4),
with only 38% of the variation explained by this single-
variable model (R2 = 0.38).
Discussion
Natural drying is based on the air–moisture gradient,
which is much lower in winter than in summer (Ciganas
and Railas 2010). That explains the limited moisture con-
tent reduction reported in this study for winter storage. As
winter conditions did not allow any significant drying,
treatment effect remained undemonstrated. Hence, weFigure 1 Estimated wood moisture content (MCdiff based on changes
trial (Mosgiel).need to rely on the summer trial to examine and discuss
the effect of the different treatments. Fortunately, the New
Zealand summer seems to offer favourable conditions for
moisture loss, which in the best case dropped from an
average of 53% to 21% in just 24 weeks, and in the worst
case to 33%. In comparison under an Irish summer, such a
reduction is only obtained after at least 35 weeks (Kent
2010), and other European studies indicate an average
MCwb of around 40% after summer storage of un-debarked
biomass logs (Spinelli 2005). The faster summer drying ob-
tained in the New Zealand trial could be related to more
favourable climate or site conditions, as well as to the
relative small size of the stacks and the extensive debarking
of test logs, all of which are known to accelerate drying
(Röser et al. 2010).
In turn, the faster drying of debarked logs may illus-
trate the significance of radial water movements. While
absorbed free water flows primarily along the stem and
is expelled mainly from the log ends (Walker 2006),
there must be a secondary movement across the stem if
small diameter logs and large split logs dry better than
large whole logs, as also reported by Abbot et al. (1997).
Compared to large diameter whole logs, both small
diameter logs and split logs offer a larger surface area to
mass ratio and a smaller distance between the log centre
and its surface, which water must reach in order to
evaporate. Splitting may also accrue a possible benefit
from exposing core wood and shortening the average
path length that water has to move. For the same rea-
sons, splitting may prove to be especially beneficial with
long logs as the relative proportion of radial versus lon-
gitudinal drying increases. However, it is still uncertain
whether the cost of splitting is offset by the benefit ob-
tained through it. This is difficult to determine, because
the cost of splitting may vary according to equipmentin pallet weight) during the summer biomass drying
Figure 2 Estimated wood moisture content (MCdiff based on changes in pallet weight) during the winter biomass drying trial (Okuku).
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heating value of the end product, as well as the different
performance of the chipper when negotiating split or
whole logs. A tentative calculation conducted for the ac-
tual trial would indicate a splitting cost of NZ$15 per
tonne and a value increase at the end of storage equal to
NZ$2.50 per tonne (Scion 2010), thus demonstrating the
poor financial viability of log splitting. However, this cal-
culation is based on a rather inefficient splitting technique,
and does not account for the potentially superior perform-
ance obtained when chipping even-sized split material.
Many studies indicate that un-comminuted wood bio-
mass keeps drier if stored under cover. Most Nordic re-
ports agree on similar values for the lower MCwb achieved
when covering, with respect to uncovered control treat-
ments: 4 to 7% (Lethikangas and Jirjis 1993); 6% (Nurmi
and Hillebrand 2007); 7% (Nurmi 2001); 10% (Jirjis 1995).
In contrast, our study found that covered small logs dried
significantly less than uncovered small logs during sum-
mer storage, whereas covered and uncovered treatments
showed no significant differences during winter storage.
In Nordic countries, biomass tends to have a lot of small
diameter branches and small diameter stem wood and is,
therefore, prone to rewetting due the high surface area to
mass ratio, and this may help explain the difference.
The reasons for the lack of treatment differences dur-
ing winter storage have already been discussed. Con-
cerning summer storage, it may be important to stress
that test stacks were prepared immediately after harvest-
ing, leaving logs on the cutover for a very short time.
Under Nordic practice, forest residue is left on the cut-
over several weeks, before being forwarded to a landing,
stacked and eventually covered. Hence, residue is left
uncovered in small piles for initial fast transpirational
drying (Gislerud 1990), and covered only after moisture
content has been considerably reduced. Once the woodis stacked, air circulation is restricted and drying slows
down (Nurmi 1999). Under these conditions, covering
does not specifically favour drying, but it prevents the
re-wetting of dry material (Filbakk et al. 2011). In con-
trast, covering fresh material may be detrimental, be-
cause the protection against the limited summer rainfall
is far outweighed by the reduced airflow through the
stack and the lower surface temperature of the wood.
The poor performance of stack covers in our study is
likely related to technique, rather than to covering itself.
Covering is probably unjustified for summer storage,
and this is consistent with the binwood residue study
carried out by the Clean Energy Centre (2009), but it
may still play a significant role if logs were stored for a
longer period and through the rainy season.
A better strategy would consist in leaving the stacks un-
covered for the first 10 to 12 weeks, in order to maximize
the rapid initial drying illustrated in Figure 1. Then the
stacks could be covered to prevent re-wetting, especially if
storage would extend into a rainy winter season.
The profile of moisture loss presented in Figure 1 is
typical of summer drying, and similar in shape to those
reported in many other studies, such as the drying trial
of exposed stem wood and branches completed by Hall
(2000). Drying rate is very high at the beginning, and it
decreases with time, as free water is removed from the
log. Once MCwb reaches 20-25%, the fibre saturation
point is reached and any further loss implies the removal
of bound water. This is bound within the cell walls and
it is much harder to extract compared to free absorbed
water, flowing through the vascular structures. In the
presence of precipitation, moisture can increase again,
according to a typical seasonal pattern (Afzal et al. 2010).
This trend is well reflected by a quadratic equa-tion, also
used for the same purpose by other authors (Laurila and
Lauhanen 2010).
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distributed throughout the stacks in the current study.
This result may be due to the small size of the stacks
used here. In contrast, gradients in moisture content of
logs in relation to stack position have been documented
in other studies that were conducted on much larger
piles (Kent 2010).
Conclusions
The moisture content of radiata pine logs for biomass
use can be significantly reduced with summer storage.
After 24 weeks, the initial moisture content above 50%
(wet base) can drop to between 33 and 21%, making bio-
mass logs an excellent fuel. The best summer storage
technique is the simplest, and consists of stacking small
logs without any cover. Large logs could be split in order
to accelerate drying. Due to wet and cold weather condi-
tions, winter storage does not offer the same benefits,
with the logs drying very little over 17 weeks. Covering
does not help. In fact, covering is designed to prevent
rewetting of dry logs, and not to favour drying of wet
logs. On the contrary, summer-dried logs could be cov-
ered if storage was to continue over the winter season.
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